ABSTRACT The inßuence of sanitation on responses of life stages of the red ßour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), was investigated in a pilot ßour mill subjected to three, 24-h heat treatments by using forced-air gas heaters fueled by propane. Two sanitation levels, dusting of wheat ßour and 2-cm-deep ßour, were created in 25 plastic bioassay boxes, each holding eggs, young larvae, old larvae, pupae, and adults of T. castaneum plus two temperature sensors. Data loggers (48) were placed on the Þve mill ßoors to record air temperatures. The time required to reach 50ЊC, time above 50ЊC, and the maximum temperature among mill ßoors and in bioassay boxes were measured. The maximum temperature in bioassay boxes and in the mill was lower on the Þrst ßoor than on other ßoors. This trend was apparent in time required to reach 50ЊC and time above 50ЊC, especially in compartments with 2-cm-deep ßour. The mean Ϯ SE mortality of T. castaneum life stages on the Þrst ßoor was 55.5 Ϯ 12.9 Ð98.6 Ϯ 0.8%; it was 93.2 Ϯ 6.7Ð100 Ϯ 0.0% on other ßoors. Adults were the least susceptible stage. Mortality of T. castaneum stages in compartments with 2-cm-deep ßour was generally lower than those with ßour dust. Costs for the three heat treatments ranged from US$27,438 to $28,838. An effective heat treatment can be conducted within 24 h, provided temperatures on mill ßoors reach 50ЊC in 8 Ð12 h and are held above 50ЊC for at least 10 Ð14 h, with maximum temperatures held between 50 and 60ЊC.
tions have been empirically validated recently by several studies (Wright et al. 2002, Dowdy and Fields 2002; Mahroof et al. 2003a,b; Roesli et al. 2003; Boina and Subramanyam 2004 ) that reported the temperatures for effective disinfestations to be in the range of 50Ð60ЊC. Dean (1911) reported higher temperatures among mill ßoors and greater efÞcacy against insects solely based on visual observations, when the heat treatment lasted 24 h as opposed to 7.5 h. Dean (1911) during a 24-h heat treatment and Goodwin (1912) during a 19.5-h heat treatment of separate mills observed temperatures to be consistently lower on the Þrst ßoor compared with ßoors above the Þrst ßoor. Both studies noted temperatures to be lower in grain and ßour accumulations than in open areas of the mill.
The earlier work on ßour-mill heat treatments focused on temperature proÞles observed within mills with anecdotal observations on insects. It was unclear whether fans were used to distribute heat within the mill. Pepper and Strand (1935) reported greater temperature penetration into a concrete block when fans were used to circulate heat than in still air, suggesting air movement to be an important factor in enhancing heat distribution. They recommended the use of fans during mill heat treatments. Mahroof et al. (2003a) , in an unreplicated trial, used eggs, young larvae, old larvae, pupae, and adults of the red ßour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae)Ña major pest of ßour mills (Good 1937, Hagstrum and Subramanyam 2009 )Ñ conÞned in plastic boxes (4.5 cm in length by 4.5 cm in width by 1.5 cm in height) during heat treatments of pilot ßour and feed mills at Kansas State University, Manhattan, KS. No consistent trends were observed among life stages in their susceptibility to heat, despite temperatures being Ն50ЊC in a majority of the locations examined. However, under laboratory conditions at constant temperatures ranging from 42 to 60ЊC, Mahroof et al. (2003b) found the young larvae of T. castaneum to be more heat tolerant than the other stages. Therefore, there is a need to conÞrm stagespeciÞc susceptibility of T. castaneum life stages during practical ßour-mill heat treatments.
None of the studies to date examined how temperatures attained on different mill ßoors inßuenced efÞcacy against mill insects. This is particularly important because the ßoor in contact with the ground or foundation is not heated on both sides like the ßoors above it. Roesli et al. (2003) , through weekly monitoring of speciÞc stored-product insects in pheromone traps before and after a feed mill heat treatment, observed captures of adults of T. castaneum within 2 to 4 wk after a heat treatment on the Þrst ßoor compared with captures on ßoors 2Ð 4. This could be due to temperatures not reaching 50ЊC allowing insects to survive a heat treatment; immigration of insects into the mill through open entrances and windows; insects being brought in on infested raw materials; or a combination of the above (Dean 1911 , Roesli et al. 2003 .
Unsanitary conditions due to accumulations of ßour within equipment and on the ßoor are common during continuous operation of ßour mills. Dean (1911) , Goodwin (1912) , and Pepper and Strand (1935) have shown that ßour accumulations are slow to heat up due to ßour being a poor conductor of heat. The inßuence of sanitation on efÞcacy of heat treatments against life stages of stored-product insects in general, and T. castaneum in particular, is unknown.
In this study, inßuence of sanitation, simulated by varying the amount of ßour, and temperatures attained on different mill ßoors on susceptibility of eggs, young larvae, old larvae, pupae, and adults of T. castaneum were investigated during three heat treatments of a pilot ßour mill. In addition, the itemized costs associated with each of the three heat treatments were determined.
Materials and Methods
Insect Cultures. Cultures of T. castaneum were reared on a diet of wheat ßour with 5% (by wt) brewerÕs yeast. Each 0.94-liter glass mason jar with 200 g of the insect diet was seeded with 100 T. castaneum adults. After infestation jars were closed with Þlter paper lids. To obtain eggs and young larvae, 50 unsexed T. castaneum adults of mixed ages were introduced into 150-ml plastic containers holding 30 g of ßour that was sifted through a 250-m opening sieve (Seedburo Equipment Company, Chicago, IL). These containers were incubated at 28ЊC and 65% RH. After 2 d, the adults were removed from the jars using an 841-m opening sieve. The ßour was sifted using a 250-m sieve to collect the eggs. To obtain young larvae (Þrst instars), infested containers were sifted after 6 d by using a 250-m sieve. Old larvae (sixth to seventh instars), unsexed pupae, and unsexed adults of mixed ages were separated using an 841-m sieve directly from culture jars. The ages of eggs, young larvae, old larvae, and pupae from time of infestation of ßour with adults were 2, 6, 22, and 26 d, respectively.
Insect Bioassay Box. Individual stages of T. castaneum were exposed to heat treatment in a rectangular clear plastic box (27 cm in length by 17.5 cm in width by 4.2 cm in height) with 12 compartments (Subramanyam 2010). Each compartment measured 8.3 cm in length by 4.2 cm in width by 3.7 cm in depth. Two sanitation levels were simulated within the bioassay box. In the top row of compartments within a box, the 2-cm-deep ßour (43 g/compartment) simulated "poor sanitation," and the bottom row of compartments with dusting of ßour (Ϸ0.5 g/compartment) simulated "good sanitation." All ßour used in the bioassay boxes was Þrst sifted through a 250-m sieve. Only 10 of the 12 compartments were used for conÞning various insect life stages. In each compartment, 50 individuals of a life stage were introduced. In the remaining two compartments, temperature sensors were placed (see below). The bioassay box and individual compartments had 1-cm-diameter perforations that were covered by wire mesh screens with 177-m openings. Lids of each compartment also were covered with this mesh. Perforations were made to facilitate heat distribution within bioassay box compartments.
Pilot Flour Mill. The Hal Ross ßour mill, afÞliated with the Department of Grain Science and Industry, Kansas State University, is a pilot scale mill that opened in October 2006. The mill has Þve ßoors occupying a total volume of 9,628 m 3 . The foundation, ßoors, and walls are made of poured concrete with steel reinforcements. The 101.6-cm-thick foundation has 1,486.2 metric tons of poured concrete with 59.9 metric tons of reinforced steel. All the exterior walls and the roof are insulated with 7.62-cm Styrofoam insulation. There are two stairways made of galvanized steel; the stairway on the west side leads from the Þrst ßoor to the roof, and the stairway on the east side leads from the Þrst ßoor to the Þfth ßoor. There is a 1,361-kg freight or personnel elevator. The Þrst ßoor has a control room, managerÕs ofÞce, maintenance ofÞce, meeting room, and restrooms in addition to the ßour processing area. The dimensions of each ßoor are 15.3 m in length by 27.5 m in width. Each ßoor has an extension on the north side that is 7.1 m in length by 7.6 m in width. The ceiling heights of the Þrst, second, third, fourth, and Þfth ßoors are 3.7, 4.4, 4.1, 4.1 and 4.7 m, respectively. A 20.3-cm-thick concrete between ßoors separates second through Þfth ßoors. The weight of various pieces equipment and supports made of steel among the Þve mill ßoors was Ϸ123 metric tons. The maximum daily ßour mill production capacity is 18.2 metric tons or 400 hundred weight.
Five bioassay boxes were placed at various locations on each of the Þve ßoors in the ßour mill (Table 1) . Out of the 25 bioassay boxes, 13 were placed inside pieces of equipment and 12 were on the ßoor. The bioassay boxes that were not exposed to heat (control treatment) were infested similarly with all the life stages of T. castaneum and were placed in a laboratory growth chamber at 28ЊC and 65% RH.
Temperature Monitoring of Mill Floors and in Bioassay Boxes. To record ßoor-level temperatures during heat treatment, 48 HOBO data loggers (Onset Computer Corporation, Bourne, MA) were programmed to acquire data every minute. The Þrst ßoor had eight data loggers, and the second through Þfth ßoors each had 10 data loggers. On each ßoor, these data loggers were placed in a grid fashion. Humidity levels during heat treatment were not recorded, because previous research has shown that during heat treatments, humidity levels are Յ25% (Mahroof et al. 2003a , Roesli et al. 2003 . Data on the minimum and maximum outdoor temperature and humidity during each heat treatment were obtained online from a weather station in Northview, Manhattan, KS (http://www. wunderground.com), which is 1.8 miles from the pilot ßour mill.
Temperature in each of 25 bioassay boxes placed within the mill was measured by SmartButton sensors (ACR Systems, Inc., Surrey, BC, Canada). Two sensors were placed in each bioassay box to record temperatures every 2 min during the heat treatment. One sensor was placed in a compartment with ßour dust, and the other was placed in compartment with 2-cmdeep ßour, and both compartments did not have any insects. In the compartment with ßour dust the sensor was visible and in the 2-cm-deep ßour the sensor was placed at a depth of 1 cm.
Heat Treatment. The Hal Ross ßour mill was subjected to three heat treatments, each lasting 24 h, during 13Ð14 May 2009 , 25Ð26 August 2009 , and 7Ð 8 May 2010 , by using forced-air gas heaters. All treatments were performed by a commercial heat treatment service provider (Temp-Air, Inc., Burnsville, MN). The mill vents were not sealed for heat treatments. Three direct-Þred, forced-air gas heaters from Temp-Air, Inc. were used to heat the facility. Two heaters (THP-4500), each with a maximum heating capacity of 1,318.8 kW/h (4.5 million BTU/h), and one heater (THP-1400) each with a maximum heating capacity of 410.3 kW/h (1.4 million BTU/h), were used for each heat treatment. The power requirement for THP-4500 heater was 460 V, 60 Hz, 30 Amp, and 3 Phase, whereas that for THP-1400 heater was 460 V, 60 Hz, 10 Amp, and 3 Phase. The maximum discharge temperature at the outlet of the heaters was 93.3ЊC with a minimum discharge temperature of 60ЊC toward the end of the heat treatment. All gas heaters were fueled by two 3,785-liter propane tanks Þlled to 80% of the total capacity. Liquid propane from each tank passed through a vaporizer before it was used by the heaters. The THP-4500 and THP-1400 heaters can use 170.3 and 53.0 liter/h of propane, respectively. The airßow rate for THP-4500 and THP-1400 heaters was 708 and 212.4 m 3 /min, respectively. The heaters were located outside the mill because of an open ßame. The heaters, when ignited, heat the cold air outside and force it into the mill via a network of polyurethane fabric ducts. The THP-4500 heater was connected to 91.4-cm-diameter ducts and the THP-1400 heater to 60.9-cm-diameter ducts. These ducts were placed from Þrst to Þfth ßoors and along both the stairways. The ducts had 15.3-cm-diameter openings at regular intervals to serve as hot air outlets. There were a total of six air exchanges an hour during each heat treatment.
Eight fans (Temp-Air, Inc.), with a fan blade diameter of 91.4 cm, were placed on each of the Þve ßoors for heat distribution. Each fan had an airßow rate of 311.5 m 3 /min. The fan power requirements were 115 V, 60 Hz, 8 Amps, and 1 Phase. Power load centers with a power capacity of 460 V, 60 Hz, 60 Amps, and 3 Phase were used to plug in the fans. In total, 24 fans were plugged into each load center. The fan locations were changed as the heat treatment progressed to ensure uniform heat distribution by eliminating cool spots (locations where temperatures were Ͻ50ЊC).
Insect Mortality Assessment. After 24 h of heat treatment, all bioassay boxes from the mill were brought to the laboratory and incubated at 28ЊC and 65% RH. The number of live and dead adults was determined 24 h after collecting all bioassay boxes, and the mortality was expressed as a percentage based on the number dead adults divided by the total number of insects exposed (50). Immature stages were transferred into 150-ml plastic containers and reared to the adult stage. Into each of the 150-ml containers holding Costs. An economic analysis of the heat treatment was based on the actual Þxed and variable costs incurred from billing records; all values are in U.S. dollars. The Þxed costs for each heat treatment comprised of the forklift rental, generator rental, diesel use charges for the generator used to power the heaters, fan rental charges, cost of the fabric ducts, transportation costs for delivering heating equipment to the ßour mill, and charges for four service technicians estimated at $1,000/d for 3 d, and included set up before heat treatment, monitoring the heat treatment, tear down at the end of heat treatment, and the travel time. The fabric duct ($11,000) can be used for six heat treatments in total, so the cost for each of the three heat treatments was Ϸ$1,833. The variable costs included a consulting fee for the Temp-Air, Inc.Õs engineer/supervisor for managing the heat treatment, and the fee was Ϸ$100/h, and the quantity of actual fuel consumed for each heat treatment and current market price for the fuel.
Data Analysis. The time-dependent temperature data of each of the 48 HOBO data loggers for each of the heat treatments was downloaded to a computer. From these data, the starting ambient temperature, time in hours required to reach 50ЊC from the starting ambient temperature, number of hours temperatures were maintained above 50ЊC, and the maximum temperature attained during the 24-h heat treatment were determined. These values were averaged by ßoor across all three heat treatments. Differences among ßoors in the time required to reach 50ЊC, time above 50ЊC, or the maximum temperature were determined by one-way analysis of variance and FisherÕs protected least signiÞcant difference test using the GLM procedure (SAS Institute 2002).
The starting temperature, time to 50ЊC, time above 50ЊC, and maximum temperature were also excerpted from the time-dependent temperature data within the bioassay boxes for each location and sanitation level for each heat treatment. The starting temperature, time to 50ЊC, time above 50ЊC, and the maximum temperature by ßoor and sanitation level, across all three heat treatments, for boxes placed within equipment and those placed on the mill ßoor were compared using two-sample t-tests (SAS Institute 2002). The means Ϯ SE for time to 50ЊC, time above 50ЊC, and the maximum temperature across all three heat treatments by ßoor and sanitation level, irrespective of location, were plotted by ßoor and sanitation level.
The mortality of T. castaneum life stages was corrected for mortality in corresponding control treatments (Abbott 1925) . The corrected mortality data for eggs, young larvae, old larvae, pupae, and adults were calculated by ßoor and sanitation level. These data were subjected to the GLIMMIX procedure (SAS Institute 2002) to determine differences among the Þxed effects (life stage, ßour depth, time to 50ЊC, time above 50ЊC, and maximum temperature) and an interaction effect (life stage and ßour depth). Box within a treatment was the random effect for this analysis. Mortality differences between the two sanitation levels for the stage ϫ ßour depth was sliced by stage by using the GLIMMIX procedure. All statistical differences were considered signiÞcant at the ␣ ϭ 0.05 level.
Results

Temperature Data Outdoors and Among Mill
Floors. The minimum and maximum temperature and humidity during the 13Ð14 May 2009 treatment ranged from 10.2 to 27.5ЊC and from 32 to 87%, respectively. During the 25Ð26 August 2009 treatment, temperature ranged from 21 to 34.2ЊC and humidity from 46 to 89%. Temperature during the 7Ð 8 May 2010 treatment ranged from 5.1 to 20.8ЊC and the humidity from 28 to 76%. Despite variations in outdoor temperatures, mean Ϯ SE ambient temperature among mill ßoors based on HOBO data loggers at the ßoor level was essentially similar (F ϭ 0.34; df ϭ 4, 138; P ϭ 0.8501) and ranged from 27.2 Ϯ 1.2 to 29.l Ϯ 2.3. The time to 50ЊC among the mill ßoors varied by 3.5 h, but these differences were not signiÞcant (F ϭ 2.03; df ϭ 4, 138; P ϭ 0.0937) ( Table 2) . Temperatures among mill ßoors were held above 50ЊC for 10.1 Ϯ 1.4 Ð13.6 Ϯ 1.0 h, and these minor differences were not statistically signiÞ-cant (F ϭ 2.09; df ϭ 4, 138; P ϭ 0.0849). The Þrst ßoor attained lowest maximum temperature (53.6 Ϯ 2.7) and the third ßoor attained the highest temperatures (59.3 Ϯ 0.6); differences among ßoors were not signiÞcant (F ϭ 1.69; df ϭ 4, 138; P ϭ 0.1565).
Temperature Data From Bioassay Boxes. The starting temperature, time to 50ЊC, time above 50ЊC, and the maximum temperature data in compartments with dusting of ßour for bioassay boxes within equipment were not signiÞcantly different (df ϭ 13) from data in bioassay boxes placed at ßoor level on the Þrst (t, range among variables ϭ Ϫ1.55 to Ϫ0.25; P Ն 0.1440), second (t ϭ Ϫ0.98 Ð1.27; P Ն 0.2276), fourth (t ϭ Ϫ1.69 to Ϫ0.21; P Ն 0.1140), and Þfth (t ϭ Ϫ0.64 Ð 0.84; P Ն 0.4168) ßoor. On the third ßoor, 50ЊC was attained in the compartments with dusting of ßour in bioassay Each mean is based on n ϭ 30 unless otherwise indicated. a n ϭ 24, because on this ßoor there were eight rather than 10 HOBO data-logging units.
b n ϭ 29, because one temperature data logger failed to record temperatures.
boxes within equipment in a mean Ϯ SE (n ϭ 9) time of 8.8 Ϯ 0.6 h, whereas those in boxes at the ßoor level (n ϭ 6) reached 50ЊC in 11.9 Ϯ 1.2 h. This time difference was signiÞcant (t ϭ Ϫ2.53; df ϭ 13; P ϭ 0.0252). Consequently, temperatures in these compartments within equipment were held above 50ЊC for 15.0 Ϯ 0.6 h compared with 11.9 Ϯ 1.2 h for those at ßoor level (t ϭ 2.57; df ϭ 13; P ϭ 0.0234). Both the starting temperature and the maximum temperature did not differ from one another in compartments with dusting of ßour inside and outside the equipment (t, range between variables ϭ Ϫ0.24 to 1.60; df ϭ 13; P Ͼ 0.1325). In compartments with 2-cm-deep ßour in bioassay boxes placed within and outside equipment, the starting temperature, time to 50ЊC, time above 50ЊC, and the maximum temperature were not significantly different (df ϭ 13) on the Þrst (t, range among variables ϭ Ϫ1.65 to Ϫ1.08; P Ն 0.1206), second (t ϭ Ϫ1.26 to 1.36; P Ն 0.1963), third (t ϭ Ϫ1.52 to 1.57; P Ն 0.1415), fourth (t ϭ Ϫ1.62 to 0.18; P Ն 0.1286), and Þfth (t ϭ Ϫ0.60 to 1.70; P Ն 0.1138) ßoor. These results suggested that, with the exception of the third ßoor mentioned above, temperature variables measured in compartments with dusting of ßour or 2-cm-deep ßour within and outside equipment were essentially similar. Therefore, further data analyses were conducted using information from all bioassay boxes without reference to their position within or outside equipment.
The mean Ϯ SE (n ϭ 15, except for 2-cm-deep ßour treatment on the Þrst ßoor where n ϭ 14 because of a faulty sensor), starting temperatures observed among mill ßoors in compartments with dusting of ßour ranged from 24.7 Ϯ 1.3ЊC (Þrst ßoor) to 25.9 Ϯ 0.6ЊC (third ßoor), and in compartments with 2-cmdeep ßour the temperatures ranged from 23.5 Ϯ 0.9ЊC (Þrst ßoor) to 25.3 Ϯ 0.5ЊC (third ßoor). The time to 50ЊC, time above 50ЊC, and the maximum temperature in compartments with dusting of ßour and 2-cm-deep ßour are shown in Fig. 1 . On the Þrst ßoor, the time to reach 50ЊC was longest in compartments with dusting of ßour (mean Ϯ SE, 15.5 Ϯ 1.7 h), whereas it was longest in compartments with 2-cm-deep ßour on the fourth (16.2 Ϯ 1.4 h), followed by those on the Þrst ßoor (15.7 Ϯ 2.1 h). Compartments with 2-cm-deep ßour took 2Ð5 h longer to reach 50ЊC than those with dusting of ßour. There were differences among ßoors in the time required to reach 50ЊC, and this effect was not consistent between the two sanitation levels. In several locations on each ßoor, and at the two sanitation levels, temperatures did not reach 50ЊC. In two compartments with dusting of ßour on the Þrst ßoor and two compartments on the Þfth ßoor, temperatures failed to reach 50ЊC. Similarly, in compartments with 2-cm-deep ßour, on the Þrst, fourth, and Þfth ßoors six, one, and three locations, respectively, failed to reach 50ЊC.
Temperatures were generally held above 50ЊC for 0.3Ð3.5 h longer in compartments with dusting of ßour than those with 2-cm-deep ßour, and temperatures were held above 50ЊC only for Յ6.6 h on the Þrst ßoor compared with 7.1Ð13.7 h in second through Þfth ßoors. The maximum temperatures attained ranged from 53.9 Ϯ 1.7ЊC to 60.0 Ϯ 0.7ЊC between the sanitation levels and among mill ßoors. In compartments with 2-cm-deep ßour, temperatures were 0.5Ð2.0ЊC lower than those with dusting of ßour. Irrespective of the sanitation level, the maximum temperatures at- Fig. 1 . Mean ϩ SE time to 50ЊC, time above 50ЊC, and the maximum temperature observed by ßoor in compartments of bioassay boxes holding dusting of ßour or 2-cm-deep ßour during each of the three heat treatments. Each mean is based on n ϭ 15/compartment unless otherwise indicated. On the Þrst ßoor, n ϭ 13 for compartments with dusting of ßour and n ϭ 9 for compartments with 2-cm-deep ßour. On the fourth ßoor, n ϭ 14 for compartments with 2-cm-deep ßour. On the Þfth ßoor, n ϭ 13 for compartments with dusting of ßour and n ϭ 12 for compartments with 2-cm-deep ßour. Temperatures failed to reach 50ЊC in certain compartments and hence n Ͻ 15. tained were lower in compartments on the Þrst ßoor by 1.0 Ð5.6ЊC compared with those on second through Þfth ßoors.
Mortality of T. castaneum Life Stages in Unexposed and Heat-Exposed Bioassay Boxes. The mean Ϯ SE mortality of old larvae, pupae, and adults in bioassay boxes that were not exposed to the heat treatment (control treatment) was Յ1.7% but that of eggs and young larvae ranged from 12.0 Ϯ 3.5 to 48.0 Ϯ 6.1% (Table 3) . Eggs and young larvae in compartments with dusting of ßour had higher mortality than those in 2-cm-deep ßour.
On the Þrst ßoor, mean Ϯ SE mortality of each T. castaneum life stage at the two sanitation levels ranged from 55.5 Ϯ 12.9 to 98.6 Ϯ 0.8% (Table 4 ). The mortality for each stage was lower in compartments with 2-cm-deep ßour than in compartments with dusting of ßour, and the greatest magnitude of difference between the sanitation levels was observed only for adults. On second through Þfth ßoors, except in two cases, the mortality of all life stages at the two sanitation levels ranged from 98.4 Ϯ 1.6 to 100.0 Ϯ 0.0%. The two exceptions were on the fourth ßoor where the mortality of old larvae and adults in 2-cm-deep ßour was 93.2 Ϯ 6.7 and 95.6 Ϯ 4.4%, respectively. Therefore, only data from the Þrst ßoor, where mortality of the different stages varied from 55 to 98%, was used to examine inßuence of sanitation on mortality of T. castaneum life stages.
On the Þrst ßoor, mortality differences among T. castaneum life stages were not signiÞcant (F ϭ 2.20; df ϭ 4, 63; P ϭ 0.0796), but the mortality of the life stages between the two sanitation levels was signiÞ-cantly different (F ϭ 5.86; df ϭ 1, 63; P ϭ 0.0184). The life stage and sanitation level interaction was not signiÞcant, however (F ϭ 1.97; df ϭ 4, 63; P ϭ 0.1101). Therefore, differences between the two sanitation levels for each life stage were analyzed further. The mortality of eggs, young larvae, old larvae, and pupae on the Þrst ßoor was not signiÞcantly different between the sanitation levels (F, range among stages ϭ 0.34 Ð1.72; df ϭ 1, 63 for each stage; P, range ϭ 0.1944 Ð 0.5048). Only the adult mortality was signiÞcantly higher in compartments with dusting of ßour when compared with mortality in compartments with 2-cmdeep ßour (F ϭ 10.66; df ϭ 1, 63; P ϭ 0.0018).
On the Þrst ßoor, the mortality of T. castaneum life stages at the two sanitation levels was not inßuenced by the number of hours required to reach 50ЊC ( 2 ϭ 0.39, df ϭ 1, P ϭ 0.5326) or number of hours temperatures were held above 50ЊC ( 2 ϭ 0.02, df ϭ 1, P ϭ 0.8970) but was inßuenced signiÞcantly by the maximum temperatures attained ( 2 ϭ 16.27, df ϭ 1, P Ͻ 0.0001).
Economic Analysis. The propane consumed for heat treatments was lower during the August 2009 treatment compared with the May 2009 and May 2010 treatments (Table 5) , because temperatures were warmer in August relative to May. The propane cost was 6 cents higher in May, and the fuel costs for the heat treatments ranged from $1,871 to $2,397. The labor charge of $480 for each heat treatment includes delivery, pickup and emptying the tank by a local company. The mileage charge of $72 also was applied for delivery and pickup of the propane tank for each treatment. All other Þxed charges for each heat treatment were for Temp-Air, Inc. and included the following: forklift rental ($1,193) , generator rental ($1,244), diesel for the generator ($532), transportation costs for delivering and picking-up the heaters ($1,725), and fan rental ($5,275) . The $11,000 for the fabric ductwork was spread over six heat treatments; therefore, for each heat treatment the actual cost was $1,833. The $12,000 for service personnel per heat treatment was for four technicians at the rate of $1,000/d for 3 d and included travel, lodging, and time spent on site during heat treatments (12 h/shift). The engineer/supervisor from Temp-Air, Inc. was compensated for time spent in managing the setting-up and monitoring the heat treatment and making necessary corrections as needed. These costs were billed at approximately $100/h, based on time invested. The supervisor decided to charge us only for a portion of his time during the last heat treatment. The actual costs incurred by Kansas State University for the heat treatments ranged from $27,438 to $28,838, or from $2.96 to $3.11/m 3 interior building space. Given that 7.12 kW/h energy is produced from a liter of propane, the total energy required for the 24-h heat treatment of the mill during 
Discussion
The mill has its own boiler that allowed the ambient mill temperatures among the Þve ßoors to be maintained between 27 and 29ЊC at the beginning of each heat treatment. Therefore, temperature ßuctuations outdoors only affected the amount of heat energy needed; consequently, the amount of propane consumed, during the three heat treatments. The ambient mill temperatures at the beginning of the heat treatment were essentially similar. Also, the time to 50ЊC, time above 50ЊC, and the maximum temperature were not signiÞcantly different among the mill ßoors suggesting that the heat was uniformly distributed across all mill ßoors. This was accomplished by proper placement of the fabric ducts and strategic positioning of fans. In addition, air movement was facilitated by opening the hatch door to the roof and louvers in the millÕs ventilation shafts. Vertical and horizontal stratiÞcation of temperatures among mill ßoors is imminent during heat treatments based on observations from past studies (Mahroof et al. 2003a , Roesli et al. 2003 , and this study. The time to 50ЊC observed in our study was comparable to that reported by Mahroof et al. (2003a) during a 35-h heat treatment of a feed mill (6 Ð19 h) but lower than that reported by Roesli et al. (2003) during a 37-h heat treatment of a feed mill (2Ð 8 h).
Although there were no signiÞcant differences, minor differences were observed in temperatures among the mills ßoors, especially with respect to the maximum temperature attained, which was lower on the Þrst ßoor compared with other ßoors. Dean (1911) during a 7.5-h heat treatment of the ßour mill observed that the temperature attained in an elevator boot on the Þrst ßoor (34ЊC) was lower than temperatures attained at 1.83-m above the second (51ЊC), third (52ЊC), and fourth (48ЊC) ßoors. During a 24-h heat treatment of the same ßour mill, Dean (1911) reported temperatures of 36 Ð 40ЊC at 1.83 m above the Þrst ßoor; temperatures at the same height above the second, third, and fourth mill ßoors were 57, 54 Ð 60, and 53ЊC, respectively. Goodwin (1912) , during a 19.5-h heat treatment of a ßour mill, measured temperatures in four to Þve different locations on each of three ßoors, including deep within ßour. Irrespective of the locations measured, the average temperature attained at the end of the heat treatment on the Þrst, second, and third ßoor was 48, 56, and 58ЊC, respectively. The wide variation in temperatures observed among mill ßoors reported by Dean (1911) and Goodwin (1912) were not observed in our study, because fans were not used by these authors. Fans aid in uniform heat distribution as observed in this study, and as previously noted by Pepper and Strand (1935) in their laboratory study.
The reason for lower temperatures attained on the Þrst ßoor could be due to this ßoor resting on a foundation made up of 1,486.2 metric tons of concrete, and unlike second through Þfth ßoors it is not heated from both sides (top and bottom). A linear regression analysis of the data of Pepper and Strand (1935) on heating of a 0.372-m 2 concrete block of 25.4-cm thickness by using 1.57 kW/h heat for 10 h showed an inverse relationship between depth of the concrete and temperatures attained (r 2 ϭ 0.978). Temperature at the surface of the concrete was 66ЊC, and at a depth of 22.86 cm below the surface it was 40ЊC. The mean Ϯ SE y-intercept of the regression was 62.98 Ϯ 0.48; the slope of Ϫ1.03 Ϯ 0.43, indicated for every 1-cm depth of concrete below the surface the temperature dropped by Ϸ1ЊC.
The uniform heating of mill ßoors perhaps resulted in a more uniform heating observed in compartments with dusting of ßour or 2-cm-deep ßour in four of the Þve ßoors, where lack of differences in temperature variables were observed in bioassay boxes placed within and outside equipment. The temperatures observed in bioassay boxes cannot be directly compared with mill ßoor level temperatures, because bioassay boxes, especially those within pieces of equipment, were above the ßoor level and generally temperatures above the ßoor tend to be higher than those observed at the ßoor level (Dean 1911 , Goodwin 1912 .
Sanitation had an impact on the time to 50ЊC, time above 50ЊC, and the maximum temperature. This is expected, because ßour is a poor conductor of heat. Dean (1911) at the end of a 7.5-h heat treatment of a ßour mill reported that on the second ßoor, the temperature measured at 8.9 cm in a sack of ßour was 41ЊC, whereas that of the ambient temperature in the center of the room 1.83 m above the ßoor was 51ЊC. Similarly, Goodwin (1912) reported that the temperature on the Þrst ßoor at the end of a 19.5-h heat treatment of a ßour mill was 44ЊC in ßour at a depth of 12.7 cm, whereas the temperature at 91.4 cm above the same ßoor was 61ЊC.
The mortality of T. castaneum in the control treatment was high for eggs and young larvae, only in compartments with dusting of ßour. The reasons for such high mortality of young larvae could be due to cannibalism before addition of ßour as food. The reasons for high egg mortality are unclear. The survival of all stages was statistically related to the maximum temperature that in general was lower on the Þrst ßoor compared with the other ßoors. Adult survival on the Þrst ßoor was greater in compartments with 2-cmdeep ßour than in compartments with dusting of ßour. This can be attributed to six compartments out of 15 in 2-cm-deep ßour, across all three heat treatments on the Þrst ßoor, in which temperatures did not reach 50ЊC. Another reason for insect survival could be that temperatures above 50ЊC were maintained for Յ6.6 h on the Þrst ßoor compared with other ßoors.
Here, we found that adults on the Þrst ßoor in 2-cm-deep ßour were the most heat-tolerant stage. Adults averaged 55% mortality, whereas the other stages had mortalities of Ն82%. In an unreplicated heat treatment trial, where temperatures are dynamic over time, Mahroof et al. (2003a) found T. castaneum pupae in general to be more heat tolerant than adults. In bioassays at constant temperatures of 42, 46, 50, 54, 58, and 60ЊC, Mahroof et al. (2003b) found T. castaneum pupae to be more heat tolerant than adults only at 42 and 50ЊC based on time for 99% mortality (LT 99 ). Heat tolerance among insect life stages of T. castaneum; confused ßour beetle, Tribolium confusum Jacquelin du Val; and the Indianmeal moth, Plodia interpunctella (Hü bner) varies with temperature (Mahroof et al. 2003b; Boina and Subramanyam 2004; Mahroof and Subramanyam 2006) . Heat tolerance among insect life stages also is inßuenced by heating rates (Beckett et al. 2007) , although majority of these data are based on heat treatment with grain and not facility heat treatments. During heat treatment of a food-processing facility, Yu et al. (2011) exposed eggs, young larvae, old larvae, and adults of the cigarette beetle, Lasioderma serricorne (L.), in bioassay boxes and could not consistently Þnd a heat-tolerant stage based on mortality responses. However, by exposing eggs, young larvae, old larvae, pupae, and adults of L. serricorne at constant temperatures of 46, 50, and 54ЊC in the laboratory for variable times, Yu et al. (2011) consistently found eggs to be the heat-tolerant stage.
In case of T. castaneum, the young larvae are heat tolerant at constant temperatures of 50 Ð 60ЊC (Mahroof et al. 2003b ). However, as mentioned, during heat treatment where temperatures are dynamic over time, identifying a heat-tolerant stage becomes difÞcult (Mahroof et al. 2003a) , because the rate of heating or behavioral responses of insects may inßuence heat tolerance. These aspects warrant further study.
The antennal segments of T. castaneum adults can sense temperature gradients (Holsapple and Florentine 1972) , and it is plausible that during heat treatment, the adults were able to sense the high temperatures and tunnel deep into 2-cm-deep ßour enabling greater survival compared with adults in compartments with dusting of ßour on the Þrst ßoor. This observation is supported by the fact that the mortality of adults in compartments with dusting of ßour on the Þrst ßoor was comparable to, or slightly lower than that of, other T. castaneum stages, whereas the mortality of adults in 2-cm-deep ßour on the Þrst ßoor was only 55%.
In commercial heat treatments, the amount of heat energy used is typically 0.07Ð 0.10 kW/h/m 3 (Bh.S., unpublished data), but in our pilot ßour mill, the heat energy used was 1.6 Ð2.6 times greater than this Þgure (0.16 Ð 0.18 kW/h/m 3 ). The reasons are related to the mill being air tight (no windows) resulting in poor air circulation within the mill, and the only outlet for the air within the building was through the hatch door leading to the roof and the ventilation louvers.
The costs reported here are for hiring an outside service provider for conducting heat treatments and are not typical of expenses incurred when facilities have preinstalled heaters for regular heat treatments. The costs for service personnel would be independent of the facility size, because for any heat treatment, the number of people used would be the same. The fuel costs, in addition to being related to differences in outside and inside temperatures, also were related to temperature monitoring data. The service provider used 76 Ð79 wireless sensors among the mill ßoors for temperature monitoring to ensure that temperatures have reached 50ЊC, were held above 50ЊC for several hours, and did not exceed 60ЊC. This proprietary data are therefore not mentioned in this paper. The cost of heaters was not included in the total costs, as the heaters were provided free-of-cost by the service provider. This is the Þrst report itemizing heat treatment costs of the three heat treatments in a pilot ßour mill.
In summary, the results presented here show that effective heat treatments can be conducted within 24 h, provided temperatures reach 50ЊC in 8Ð12 h and are held above 50ЊC for at least 10 Ð14 h, while avoiding temperatures exceeding 60ЊC. Unlike previous experiments (Mahroof et al. 2003a) , in this study, the adults of T. castaneum were found to be the most heat-tolerant stage, and adult survival was positively inßu-enced by the presence of ßour. These results reinforce the need to conduct thorough sanitation before a heat treatment to improve heat treatment effectiveness against T. castaneum eggs, larvae, and pupae in general, and adults in particular. The cost of Ϸ$3.00/m 3 observed for heat treating the pilot ßour mill was slightly higher than similar treatments of commercial facilities, because the mill was air-tight as a result of very few windows or openings to the exterior, and the lack of free air movement did not allow mill ßoors to reach 50ЊC within a short period. Despite a few limitations, our replicated trials provided new insights on factors affecting heat treatment effectiveness against T. castaneum life stages, along with detailed itemized heat treatment costs for propane-fueled forced air gas heaters.
